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ABSTRACT  
Plasmonic gold nano-assemblies that self-assemble with the aid of linking molecules or polymers 
have the potential to yield controlled hierarchies of morphologies and consequently result in 
materials with tailored optical (e.g. localized surface plasmon resonances (LSPR)) and 
spectroscopic properties (e.g. surface enhanced Raman scattering (SERS)). Molecular linkers 
that are structurally well-defined are promising for forming hybrid nano-assemblies which are 
stable in aqueous solution and are increasingly finding application in nanomedicine. Despite 
much ongoing research in this field, the precise role of molecular linkers in governing the 
morphology and properties of the hybrid nano-assemblies remains unclear. Previously we have 
demonstrated that branched linkers, such as hyperbranched polymers, with specific anchoring 
end groups can be successfully employed to form assemblies of gold NPs demonstrating near-
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infrared SPRs and intense SERS scattering. We herein introduce a tailored polymer as a versatile 
molecular linker, capable of manipulating nano-assembly morphologies and hot-spot density. In 
addition, this report explores the role of the polymeric linker architecture, specifically the degree 
of branching of the tailored polymer in determining the formation, morphology and properties of 
the hybrid nano-assemblies. The degree of branching of the linker polymer, in addition to the 
concentration and number of anchoring groups, is observed to strongly influence the self-
assembly process. The assembly morphology shifts primarily from 1D-like chains to 2D plates 
milar. This can be explained by a recent work of Hüsken and co-workers   HYPERLINK \l 
6" \o "Hüsken, 2013 #70"   ADDIN EN.CITE <EndNote>SERS performance of these nano-
assemblies with respect to hot-spot density. These findings supplement the understanding of the 
morphology determining nano-assembly formation and pave the way for the possible application 
of these nano-assemblies as SERS bio-sensors for medical diagnostics. 
Keywords: plasmonic nano-assemblies, polymeric linkers, linear polymers, hyperbranched 
polymers, 1D chains, 2D plate-like nano-assemblies, 3D-like globular nano-assemblies, 
roundness, SERS, bio-sensors. 
 
INTRODUCTION  
The process of assembling functional noble metal nanomaterials into controlled morphologies or 
patterns, giving rise to improved properties, has generated a significant interest in the field of 
nanoscience.1-5 Gold nanoparticles (NPs) are one of the most widely studied noble 
nanomaterials, because of their chemical inertness, and their ability to support localized surface 
plasmon resonances (LSPR) in the visible to near infrared (NIR) regions,4, 6 in addition to their 
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spectroscopic property of supporting surface-enhanced Raman scattering (SERS)7-9. They have 
been utilized in various fields including electronics,10, 11 photonics,12 chemical sensing,3, 5 
biological labelling,3, 5 imaging,13 and, more recently, as diagnostic agents in nanomedicine14-16.  
Considerable effort has been directed towards understanding and designing gold nanostructures, 
because both their surface plasmon and SERS properties are dictated by the structure and 
morphology of the nano-assemblies.2, 17 When Raman-active molecules are adsorbed on a NP 
surface or within the NP junctions of nano-assemblies (often referred to as “hot-spots”), their 
Raman signals are dramatically enhanced, a phenomenon known as surface enhanced Raman 
scattering (SERS). The key requirement for practical use of the SERS-based diagnostic agents is 
the development of simple fabrication strategies for obtaining reproducible solution stable SERS 
substrates with high Raman enhancements. Regular arrays and structures have been constructed 
by Langmuir-Blodgett techniques11, 18 and evaporative or e-beam lithography processes7, but 
these techniques are not amenable to the production of materials dispersed in solution.  
In the past decade, self-assembly processes have proven useful for the preparation of nano-
assemblies dispersed in solution. One of the versatile approaches that have been employed is the 
use of molecular linkers to mediate the self-assembly process. It has gained importance due to its 
easy, cheap and template-free fabrication methodology. Structurally well-defined molecular 
linkers have the ability to direct the formation of nano-assemblies. Predominantly, nano-
assemblies have been self-assembled as films on glass or silicon substrates,1, 19 but formation of 
solution stable assemblies have been gaining importance recently. Recent reviews by research 
groups of Tsukruk,17 Graham9 and van Duyne20 summarizes, in great details, the various 
approaches explored in creating plasmonic nano-assemblies and hot-spots in an effort to improve 
the SERS properties. Reports suggest the use of various linkers including biomolecules like 
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DNA and antigen-antibody complexes 21-24 , organic molecules,25-30 polymers,31-34 dendrimers19 
and, more recently, hyperbranched polymers35. There has been a lot of interest generated for 
capably manipulating morphologies into linear chain, connected nano-chains or spherical 
structures.1, 25, 29, 32, 34 Scherman and co-workers36 have demonstrated a novel strategy utilizing 
nanoporous membrane and electrokinetic energy to direct the synthesis of linear and branched 
nano-assemblies where cucurbit[7]uril acts as the organic molecular linker. Despite advances in 
the formation of solution stable nano-assemblies, manipulating morphologies and thereby hot-
spot density and SERS properties has remained a major obstacle. Both the SPR shift and SERS 
enhancements are governed by morphology of the assemblies, specifically shape and size of the 
assemblies, as well as the number of NP junctions or hot-spot density.4, 6, 7, 9, 20, 24  A few research 
groups have reported formation of different nano-assembly morphologies by employing various 
multi-branched linkers. For example, Claridge et al.37 utilized branched DNA to form trimer and 
tetramer nano-assemblies. In a series of publications, Zhong and co-workers27, 30 have 
demonstrated an elegant approach showing that globular assemblies of gold NPs can be prepared 
from solution by using specially designed organic thioether molecules as linkers in the presence 
of tetraalkyl ammonium bromide. They have reported assembly sizes in the range of 50-500 nm 
and SERS enhancement factors in the range of 1-6 × 104  for the globular assemblies with the 
MTAs residing in the hot-spots.30 A similar study by Kaminker et al.26 demonstrated an effect of 
the structure and number of anchoring pyridyl groups of the organic linker on the SPR of the 
nano-assembly.  
In particular, tuning the formation, morphology and properties of nano-assemblies as a function 
of the linker properties is still a difficult task. One of the reasons being that different 
morphologies (including linear, array-like or spherical) have not been achieved by using a single 
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type of linker. Hence, it is of utmost importance to develop a linker, which with slight 
modifications, can lead to formation of different morphologies, thereby behaving as a versatile 
linker molecule. This could potentially provide better understanding of the governing 
characteristics of the linker in the linker-mediated assembly process. As mentioned earlier, multi-
branched linkers seem to have successfully mediated nano-assembly formation. But the 
preparation of the multi-branched linkers e.g., DNA, organic molecules and dendrimers 
described in the previous paragraph is challenging, because it involves multi-step syntheses and 
purification processes, as well as complex procedures to incorporate more branches. In contrast, 
synthesis of multi-branched structures like hyperbranched polymer (HBP) involves one-step 
synthesis and purification process. Their synthesis mechanisms can also afford the flexibility to 
introduce and control the number of branches and thereby the number of functional anchoring 
groups, which encouraged us to employ them as linkers in the self-assembly of gold NPs. We 
recently reported35 a simple strategy to prepare solution stable gold nano-assemblies mediated by 
HBPs. Both lower (mostly dimers and trimers) and higher order nano-assemblies (higher number 
of NPs per assembly) could be obtained by controlling the number of functional end group 
available for assembly formation. The higher order nano-assemblies demonstrated a NIR SPR 
shift and had significantly higher SERS activity. Thus, the HBP-type linkers might have 
potential to direct and tune morphologies thereby establishing itself as a versatile molecular 
linker. Hence, the focus of this study has been to manipulate the morphology and properties of 
the higher order nano-assemblies by employing a tailored polymeric linker. Herein, we report the 
role of degree of branching (functional anchoring end group density per polymer 
macromolecule) of the linker in determining the nano-assembly formation and morphology, 




Preparation of hybrid gold nano-assemblies. The synthesis and characterization of citrate 
reduced and stabilized gold NPs, as well as the linker polymers via the RAFT polymerization 
technique, are discussed in detail in the Supporting Information. Four RAFT-polymers with 
different architectures based on different number of branches and anchoring end groups were 
prepared for this study. 50 µL of the aqueous polymer solutions (various concentrations in the 
range of 0.1-100 µM) was added with stirring to 3 mL of 2 nM citrate stabilized gold NPs, 
resulting in net polymer concentrations of 1.63 nM to 1.63 µM. The mixture was further stirred 
for 2-3 min. The colloid was left standing overnight to allow formation of gold NPs coated with 
the linker polymer referred to as the “intermediate hybrids”. By varying the amount of polymer 
added, a series of “intermediate hybrids” were prepared that constituted gold NPs with varying 
degrees of polymer coating . These intermediate NPs had free RAFT end groups 
(trithiocarbonate and alkyne) available to act as anchoring points for further aggregation with 
additional gold NPs. The “intermediate hybrid” colloid was centrifuged at 14,500 rpm for 6 min 
and the supernatant discarded to remove the unbound polymer and excess citrate. The colloid 
was then re-suspended in water to give 30 L of “intermediate hybrids” with primary NP 
concentration of 100 nM. An equimolar amount of citrate stabilized gold NPs (i.e., 30 L of 100 
nM prepared by centrifugation) was added to the red colored “intermediate hybrid” colloid and 
mixed using a vortex mixer for one minute. The colloid was then allowed to stand for 3-4 h to 
facilitate formation of the “hybrid nano-assemblies”. The hybrid assemblies were centrifuged at 
5000 rpm for 2 minutes to remove the unanchored gold NPs, then diluted with ultrapure water to 
obtain a primary NP concentration of 6 nM. They were analyzed by UV-vis spectroscopy, and 
also used for SERS studies. 
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RESULTS AND DISCUSSION 
Gold nano-assemblies with sub-10 nm nanogaps having a defined morphology and high NP 
junction density (or hot-spot density), are the key to develop efficient SERS-based imaging 
agents for use in nanomedicine. In this context, we have previously reported, as a proof of 
concept, that hyperbranched polymeric linker can mediate formation of gold nano-assemblies.35 
As the hot-spot density is a function of the nano-assembly morphology, the capability to alter the 
assembly morphology would provide a handle to tune the hot-spot density and thereby the SERS 
activity. Hence, we synthesized different linker polymers having identical chemical structure but 
significantly different branching architecture, and employed them to form the nano-assemblies, 
with the aim of altering the nano-assembly morphology, and thereafter studying their 
morphology-dependent optical (SPR) and SERS properties. 
Synthesis of polymer with controlled degree of branching via RAFT polymerization. 
Poly(ethylene glycol methacrylate) PEGMA was used as the monomer in order to impart bio-
compatibility to the hybrid nano-assemblies, a requirement for use in nanomedicine. The RAFT 
agent had a butyltrithiocarbonate Z-group and a leaving R-group that contained alkyne 
functionality (see Figure S1 of Supporting Information for 1H NMR of RAFT agent) which 
transformed, after polymerization, into the two end groups of the polymers (see Figure 1). As 
shown in Figure 1, each branch of the polymer was thus composed of PEGMA repeat units with 
butyltrithiocarbonate at one end (Z-group, marked in green) and an alkyne group at the other end 
(R-group, marked as red), a structure similar to the linear polymer. This provided us with two 
end groups per branch having affinity for attachment to gold surfaces,38-40 and so the functional 
anchoring end group density per polymer macromolecule (Naeg) is twice that of the number of 
branches (Nb) for each polymeric linker. Thus, the HBPs can be described as similar linear units 
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being branched (with EGDMA) at random positions along the chain length and not necessarily at 
the centre as in the case of a traditional dendritic polymer. The degree of branching or the 
number of branches (Nb) represents the number of linear polymeric units cross-linked to form the 
HBP. We have synthesized four different polymers including a linear bi-functional polymer P1 
(Nb =1, Naeg=2) and multi-functional HBPs P4 (Nb=4, Naeg=8), P5 (Nb= 5, Naeg=10) and P9 
(Nb=9, Naeg=18), as shown in Table 1 and graphically in Figure 1. Detailed information 
regarding synthesis, purification and properties of the polymeric linkers has been provided in the 
Supporting Information. We have chosen to use Nb throughout the report, mostly because it is 
the most important characteristic of the multi-branched polymers. All the synthesized polymers 
demonstrated a DLS hydrodynamic size of ~5.5-9.5 nm, therefore enabling us to aim for sub-10 
nm nanogaps.  
 
Figure 1. Schematic of different polymer architectures and the chemical structure of the RAFT 
agent used in this study.  
 
Role of degree of branching of polymeric linker in the formation of hybrid nano-
assemblies. Our interest was to study the effect of different polymeric architectures, acting as 
molecular linkers, in the formation of plasmonic nano-assemblies. Hence we employed the four 
above synthesized polymers P1, P4, P5 and P9 having an average of 1, 4, 5 and 9 branches, 
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respectively, as linkers for our study. We followed the same procedure as reported previously35 
where initially the gold NPs were mixed with the polymer, which was left standing overnight to 
attain equilibrium by the ligand exchange mechanism, where the citrate ions capping the gold 
NPs were exchanged with the polymer end groups with affinity for  gold NPs. In a second step, 
these “intermediate hybrids” served as centres to mediate aggregation when mixed with a second 
batch of citrate-stabilized gold NPs to form the final “hybrid nano-assemblies”. Similar to our 
earlier report we observed that the assembly formation, determined by color change from reddish 
to bluish, was largely dependent on the polymer concentration (see Figure S3 of Supporting 
Information). At low concentration, there was initially formation of lower order assemblies (i.e., 
number of NPs per assembly = 1-3) which were red in color and termed as “Regime I hybrids”. 
On reaching an optimum concentration, the colloids formed higher order assemblies (i.e., 
number of NPs per assembly>3) termed as “Regime II hybrids” and were bluish in color. With 
further increase in concentration, red colored, lower order assemblies were essentially formed, 
referred to as “Regime III hybrids”. The plot in Figure 2A shows the different regimes, shown as 
steps, with respect to the concentration of the polymeric linkers. Regime I and III hybrids, form 
nano-assemblies consisting primarily of lower order assemblies (monomers and dimers), due to 
the ionic stabilizing effect of the higher concentration of citrate ions and steric stabilizing effect 
of the higher coverage of polymer, respectively. Hence there was negligible scope for altering 
their assembly morphology. Thus we focussed on the Regime II hybrids where it was 
hypothesized that morphologies could be tuned. The Regime II hybrid colloids formed by the P1, 
P4, P5 and P9 polymers (named respectively as P1, P4, P5 and P9 hybrids) were bluish in color 
and had a secondary SPR peak at around 685 nm, in addition to, the primary SPR peak at 520 nm 
(see Figure 2B). In our earlier report, we observed the direct relationship of the SERS activity to 
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the ratio of the SPR absorbance at 685 nm to that at 520 nm (Abs685/Abs520), which aided us in 
selecting the samples with the higher probability to provide improved SERS activity Thus, 
hybrid nano-assemblies with the value of Abs685/Abs520 closest to 1 (maximum value attained by 
nano-assemblies, as reported earlier) were selected for detailed investigation of the effect of the 
number of branches. 
 
Figure 2. (A) 3D-plot of Regimes (I, II and III designated as 1, 2 and 3 in the plot) with respect 
to polymer concentration of each individual linker polymer and its branches (Nb) designated as 
“Nb”. (B) UV-vis spectra of (a) citrate-stabilized gold NPs, Regime II hybrids  of (b) P1, (c) P4, 
(d) P5, and (e) P9. Spectra have been offset by 0.35 a.u. The color of the solution is shown in the 
inset. 






Average number of 





required to form 
Regime II hybrids 
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gold NP required to 
form Regime II 
hybrids 
Total number of 
anchoring end 
groups required to 
form Regime II 
hybrids 
P1 1 2 81.5 ~ 41 82 
P4 4 8 16.3 ~ 8 64 
P5 5 10 12.2 ~ 6 60 




As both the trithiocarbonate and alkyne end groups were capable of anchoring to the gold NP,38-
41 so all the polymers were anticipated to act as linkers to mediate the formation of hybrid nano-
assemblies. The linear polymer P1 behaves like a bi-functional linker capable of forming hybrid 
nano-assemblies, in contrast to mono-functional linear polymers which have a stabilizing 
effect.31, 35 The optimum polymer concentration required to form the Regime II hybrid 
assemblies was significantly higher for P1 (approximately 5-20 fold) as compared to the HBPs. 
This can be attributed to the significantly lower number of anchoring groups per polymer 
macromolecule for P1. Another factor that could contribute to this is the conformation of the 
linear polymer on the NP surface, for example, linear PEG chains anchored to a NP or lipid 
surface have been reported to change conformation from mushroom-type to brush-type with 
increasing coverage of polymer.42-44 At lower degrees of polymer coverage, a mushroom-like 
conformation will be adopted and the unbound end group may have restricted availability for 
acting as a linker. Whereas, at higher degrees of polymer coverage, the polymer chains are more 
likely to pack densely on the NP surface resulting in a brush-like configuration, such that the 
unbound end group has greater accessibility for anchoring to other NPs. In contrast, the HBPs 
require a significantly lower polymer concentration to form the Regime II hybrids. The HBPs P4 
and P5, having similar degree of branching, required similar polymer concentrations for 
formation of Regime II hybrids. The average number of branched macromolecules per 
“intermediate hybrid” NP and hence the approximate number of anchoring groups required to 
form the Regime II hybrids are listed in Table 1. The linker size is a determining factor for the 
nano-assembly formation and since the synthesized HBPs demonstrated similar hydrodynamic 
sizes, hence the difference in their absolute molar masses could be neglected and the role of the 
degree of branching and number of anchoring end groups could be studied. Table 1 in 
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combination with Figure 3 establishes a significant decrease in the optimum polymer 
concentration required for forming the Regime II hybrids with increase in the degree of 
branching. The average number of anchoring end groups required for forming the Regime II 
hybrids also follows a similar trend, which suggests that, fewer anchoring groups are required to 
form higher order assemblies for highly branched polymeric linkers. 
 
Figure 3. Combined plots of the polymer concentration and approximate number of anchoring 
end groups per intermediate hybrid NP required for formation of Regime II hybrids versus the 
degree of branching or number of branches (Nb) of the linker polymer.  
 
Role of degree of branching of the polymeric linker on the morphology of hybrid nano-
assemblies. To understand the effect of degree of branching on the morphology of the hybrid 
nano-assemblies, we investigated TEM micrographs following evaporation of solvent (Figure 4 
column 1). The size of the different hybrid nano-assemblies was observed to be approximately 
75±25 nm (population ~90-110 individual assemblies). The morphology of the nano-assemblies 
can be described with different nanostructures with respect to the dimensionality of the 
assemblies and the number of NP junctions for each individual NP. The assemblies in Figure 
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4(B-D) suggests a structure with one NP thickness (~1.5 fractal dimension), whereas, a multi-NP 
thickness structure is evident from Figure 4E (~2.5 fractal dimension). Flattening of 
nanostructures on the TEM-grids, as a result of adsorption of the more 3D-like structures as well 
as the condensation of several objects into new structures, is a common problem with 
conventional-TEM upon evaporation of the dispersing solvent. To overcome this issue, cryo-
TEM was employed, which is known to conserve the 3D conformations of the formed nano-
structures, eliminating unfavourable assembly-assembly or assembly-support interactions that 
would lead to artefacts in the TEM images. In order to gain a better understanding of the 
morphological structures, we performed the cryo-TEM at tilt angles of +40° and -40° (Figure 4 
column 2 and 3 respectively), providing an 80° view of the assemblies and allowing elucidation 
of the true morphological nature in the colloidal state. We observed that a tilt of more than 40° 
caused the ice crystals to block the view, and hence we were limited to a ±40° tilt angle. 
Nonetheless, this provided sufficient dimension to investigate morphological character of the 
assemblies. The TEM images of the citrate stabilized gold NPs are shown in Figure 4A.  
With the combined information provided by both the conventional-TEM and tilted-cryo-TEM, 
we could analyse the detailed morphological characteristics of the prepared Regime II nano-
assemblies as a function of the polymeric linker architecture. The linear bi-functional polymer P1 
primarily gave rise to one-dimensional (1D) NP chains with 1-2 NP junctions formed by an 
individual NP (Figure 4B). Conversely, 2D plate-like morphologies formed by two-dimensional 
arrays of loosely packed NPs, with two or more NP junctions formed by an individual NP, were 
observed for both P4 and P5 HBPs (see Figure 4C and D). The cryo-TEM confirms the plate-like 
2D conformation with the observation of their extended flat-plane view at a tilt of -40°, whereas 
a narrow edge is more prominently visible at a tilt of +40°. This confirms that the morphologies 
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observed in the conventional-TEM likely arises due to the true morphology of the nano-
assemblies and that drying artefacts are minimal under these experimental conditions. When 
HBP P9 was used as linker there was a tendency to form predominantly 3D globular 
morphologies of densely packed NPs in a three-dimensional space with the highest number of 
NP junctions. The globular morphology is prominently visible in Figure 4E1 and 4E2 (+40o and 
-40o), thereby providing evidence of a globular 3D-like morphology in the case of P9 nano-
assemblies. A certain degree of control over the NP density per assembly for each morphological 
structure was observed. The TEM micrographs (~100 population) indicates that the 1D chains 
are composed of 4-6 NPs, whereas, around 10-15 NPs assembled to form the 2D plate-like 
structures. The globular 3D-like morphologies are seemed to be composed of more than 20 NPs 
approximately. Hence, we show that by slight variation in the RAFT-synthesized polymeric 
linker, we can obtain morphologies of nano-assemblies ranging from 1D NP chains to 2D plate-
like structures and finally globular 3D-like morphologies with a degree of control over the 
number of NPs for the different morphologies. The different morphologies, along with the 
different NP density, provide us with the capability to tune the NP junction density affecting the 
SERS-active hot-spot density, and thereby the SERS properties. The chain-like P1 assemblies 
seem to have low NP junction density, while P4 and P5 plate-like assemblies have intermediate 
densities with the highest density achieved by the 3D-like globular P9 assemblies. In this way, 
we demonstrate that tailored polymer materials are a useful approach for forming plasmonic gold 




Figure 4. Typical TEM micrographs of Row-wise: (A) citrate stabilized gold NPs, (B) P1 
Regime II nano-assemblies, (C) P4 Regime II nano-assemblies, (D) P5 Regime II nano-
assemblies, and (E) P9 Regime II nano-assemblies. Column-wise: (1) conventional-TEM at 0° 
tilt, (2) cryo-TEM at +40° tilt, and (3) cryo-TEM at -40° tilt. Diluted samples were used to 
prepare TEM grids in order to minimize drying artefacts in case of conventional TEM and 
eliminate over-crowding of the assemblies in case of cryo-TEM. Scale bar = 100 nm.  
 
Although the morphologies are quite different from each other, the SPR absorbance spectra were 
observed to be similar (see Figure 2B). This is unusual given the significant difference in 
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morphology between the linear P1 assemblies as compared to the plate-like or globular nano-
assemblies. Generally, the linear nano-chain type morphologies will have a prominent secondary 
longitudinal SPR peak with higher absorbance than that of the primary transverse SPR peak, 
while in our case the relative intensities of both the SPR peaks are similar. This can be explained 
by a recent work of Hüsken and co-workers36 where they demonstrate that the relative intensities 
of the primary transverse to the secondary longitudinal SPR peaks depends on the length of the 
linear chain-like assembly structure. Similar SPR results have also been reported by Polavarapu 
and co-workers33 and Jia and co-workers45.  
In order to develop a model which would describe the morphologies of the nano-assemblies 
more quantitatively, we focussed on measuring the structural roundness of the hybrid nano-
assemblies as a representative parameter for the morphology and dimensionality of the 
assemblies. "Roundness" (also referred to as “circularity”)  is defined by the formula of 4    
(area / perimeter2) and has been extensively used to study changes in cell dimensions.46, 47 A 
value of “1” represents a perfectly round morphology, whereas a value closer to “0” represents 
an elongated linear structure. We analysed the conventional-TEM micrographs for obtaining a 
roundness value, as the conventional-TEM was quite representative (provided similar results to 
that of the cryo-TEM), in addition to the fact that higher numbers of individual nano-assemblies 
per sample (>50, feasible with the conventional-TEM) were required to obtain statistically 
relevant data. We also carried out AFM scans on the nano-assemblies adsorbed on gold-coated 
silicon wafer, as a complementary analysis technique. The "roundness" was statistically 
determined using ImageJ software and used to analyse both conventional-TEM micrographs 
(Figure 4 column 1) and AFM images (see Figure S4 of Supporting Information), such that the 
values for 75-200 individual nano-assemblies were averaged for each sample. The average 
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roundness values for both TEM and AFM were similar and within the range of the standard 
deviations of the techniques, as shown in Figure 5A. The average roundness value of P1 hybrids 
(~0.25) was significantly lower than that of the P9 hybrids (~0.75), suggesting that the P1 
hybrids are of near-linear (chain-like) in nature, whereas the P9 hybrids are rounder structures. 
The P4 and P5 assemblies had characteristic roundness values in the range of 0.5-0.6 which 
suggests an intermediate structural morphology. This supports our understanding from the TEM 
and cryo-TEM morphologies. The roundness value is essentially a 2-dimensional parameter and 
alone does not provide a complete picture of the 3-dimensional assembly structure. Hence we 
also measured the peak-to-valley roughness (also, referred to as Z-height) of the nano-assemblies 
from the AFM data. In order to reduce the destruction of the nano-assembly structures on the 
AFM surface due to drying, we used a gold–coated wafer and allowed the nano-assembly colloid 
to adsorb onto the wafer followed by extensive washing to remove excess material. Upon 
analysis with AFM, we observed that P1, P4 and P5 nano-assemblies had similar peak-to-valley 
roughness of approximately 17 nm i.e., equivalent to a one NP thickness, further supporting our 
observations from the TEM micrographs. In contrast, the P9 hybrids featured an average peak-
to-valley roughness of 35 nm demonstrating that these nano-assembled morphologies were made 
up of a few NPs in thickness. The morphology is a direct function of both the roundness and 
roughness values, so we studied the correlation of a combined function of both these parameters, 
specifically their product function. Though it can be argued that an addition function could also 
have been studied, we used the product function as one of the parameters was a dimensionless 
number whereas the other had length dimensions (units). Since the roughness value was obtained 
from the AFM data, we used the AFM predicted average roundness values for the product 
function. Figure 5B shows a plot of the product value of roundness and peak-to-valley roughness 
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with respect to degree of branching (Nb). It clearly demonstrates that the P9 hybrids with highest 
product value are significantly different in morphology to the P1 hybrids which had the lowest 
product value, whereas the P4 and P5 hybrids behave similarly with intermediate values and 
morphology. Thus we can conclude that, the hybrid assembly morphology is a strong function of 
degree of branching of the polymeric linker. 
 
 
Figure 5(A). Plot of average roundness of the Regime II nano-assemblies (based on 
conventional-TEM and AFM data) with respect to the different polymeric linker architectures. 
Statistical data obtained by processing images with ImageJ software, and (B). Plot of product 
function of roundness and peak-to-valley roughness with respect to polymer degree of branching 
(Nb). 
 
SERS performance of the hybrid nano-assemblies. We studied the efficiency of the nano-
assemblies as SERS substrates by comparing the SERS due to the polymeric linker occupying 
the NP junctions or hot-spots. Studies7, 8, 16 in the past have concluded that the SERS intensity is 
directly related to the hot-spot density. Hence, we were interested to obtain an insight to the 
relationship between the SERS activity of the nano-assemblies and their morphology and 
develop an understanding of the hot-spot density of the different assemblies. Although the linker 
polymers are not a typical SERS tag molecule, they can be easily detected at very low 
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concentrations of approximately 10-9 M from within the nano-assemblies. As all the linkers were 
based on the same chemical structure with the same RAFT agent (structure shown in Figure 6B) 
and the polymer was composed of PEGMA units and trithiocarbonate and alkyne as their end 
groups (structure shown in Figure 6C), they resulted in identical SERS spectrum (see Figure 6A). 
It shows the peak at 1380 cm-1, assigned to (CH3) from the p(PEGMA), while the peaks at 1022 
cm-1 and 800 cm-1 were assigned to the (C=S) and (CS) modes respectively which can be 
attributed to the trithiocarbonate end group.  
                          
Figure 6. (A) SERS spectra of linker polymer of the assemblies of (a) P1 hybrids, (b) P4 
hybrids, (c) P5 hybrids, (d) P9 hybrids, and (e) RAFT agent, (B) Chemical structure of RAFT 
agent, and (C) Chemical structure of linker polymer n=0 for P1, n=3 for P4, n=4 for P5 and n=8 
for P9 polymer.  
 
As the SERS intensity is a function of both the analyte concentration and the hot-spot density, 
hence the polymer concentration for each hybrid nano-assembly was taken into account while 
analysing the SERS enhancements. As sulphur (S-) has a strong affinity for gold NPs and would 
be closest to the NP surface and would occupy the hot-spots, so we analysed the SERS intensity 
due to the trithiocarbonate end group peak at 1022 cm-1 for estimation of the SERS efficiency of 
the nano-assemblies. Each linker polymer required a different polymer concentration to form the 
























macromolecule (details in Table S1 in Supporting Information), thus we calculated the SERS 
intensity at 1022 cm-1 (due to the trithiocarbonate) per unit concentration of trithiocarbonate end 
group (ISERS/Ctrithio) in the nano-assemblies (see Figure 7). The plot, as shown in Figure 7, 
confirms that with an increase in the product value of roundness and peak-to-valley roughness of 
the nano-assemblies, i.e., with the change in morphology from 1D NP chains to 2D-like plates 
and finally to 3D globular structures, there is a significant increase in the SERS enhancement. 
Chain-like P1 assemblies with lowest product values demonstrate lowest SERS enhancements, 
followed by P5 and P4, while the highest SERS enhancements were achieved with globular P9 
assemblies. Hence we can assume that the globular P9 assemblies have a higher “hot-spot” 
density than the plate-like of P4 and P5 assemblies, with the lowest hot-spot density for the P1 
chain-like assemblies. We can thus conclude that the morphology is the key factor in 
determining the SERS enhancements, most likely because of its effect on the hot-spot density. 
Hence, an ability to manipulate the nano-assembly morphology, possible due to the versatile 
polymeric linker, assists us in tuning the NP junction density or the hot-spot density and thereby 
the SERS enhancements. 
 
Figure 7. Plot of polymeric linker SERS intensity of the major peak at 1022 cm-1 per unit 
trithiocarbonate end group concentration (ISERS/Ctrithio) with respect to the product of average 




SERS agents find major applications as chemical sensors and biological labelling and thereby 
tracking of the labels or tags for medical diagnostics. It might be apprehended that the strong 
SERS activity due to the polymeric linker might interfere with the SERS signals of the other 
Raman tag molecules, generally used as barcodes for the nano-assemblies or with the analyte 
species that needs to be detected. This possibility could be dismissed by comparing the SERS 
spectra, accumulated in identical conditions, for the polymeric linker and thiol-containing SERS 
tag molecules (both contain sulphur, hence the molecules could easily attach to the gold NP 
surface). Figure 8 shows the SERS spectrum of linker polymer from within the nano-assemblies 
(spectrum a) and the SERS spectra of two typical SERS tag molecules after tagging the linker 
containing nano-assemblies with them (spectrum b and c). The tagged nano-assemblies 
(spectrum b and c with 2-quinolinethiol and 2-naphthalenthiol respectively) show significantly 
higher SERS signal intensity (approximately by an order of magnitude) which overwhelms the 
SERS spectrum due to the polymeric linker. The tag molecules could easily be detected at 
concentrations of 10-7 M. Hence there is minimum interference due to the linker when labelling 
or tagging the nano-assemblies with typical SERS tag molecules. Thus, such gold nano-
assemblies may find potential applications as both chemical and bio-sensors. On further bio-
conjugation with target-specific ligands, these nano-assemblies might be applicable as SERS 




Figure 8. Comparison of SERS spectra of (a) nano-assemblies with linker molecules only and 
nano-assemblies containing linker molecules along with Raman barcodes (b) 2-quinolinethiol 
and (c) 2-naphthalenthiol. The index bar is equivalent to 20,000 counts. 
 
CONCLUSIONS 
In order to gain an insight into the role of the polymeric linker architecture in the formation of 
hybrid gold nano-assemblies, we prepared four different RAFT-synthesized polymers. These 
polymers were chemically identical but were tailored to have multiple branches ranging from 1 
to 9, thereby having 2-18 end groups that exhibit a strong affinity for gold. One was a linear bi-
functional polymeric linker P1 with one branch and 2 anchoring end groups, while the other were 
hyperbranched polymers (HBPs) with 4, 5 and 9 branches. Each of these linkers was capable of 
mediating the assembly process of gold NPs. Both low and high linker concentrations resulted in 
lower order assemblies (termed as Regime I and III respectively), whereas, an optimal 
concentration was observed to result in higher order assemblies (Regime II). The higher order 
nano-assemblies (i.e., number of NPs per assembly >3) were investigated, in greater detail, so as 
to compare the effects of the linker branching architecture on the nano-assembly morphology. 
We noted an inverse relationship between the polymeric linker concentration (and hence the 
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number of anchoring end groups) required to form the Regime II nano-assemblies with the 
degree of branching of the linker polymer. A combination of conventional-TEM and tilted cryo-
TEM images provided a clear understanding of the different nano-assembly morphologies, and 
thereby the NP junction density or hot-spot density as a strong function of the degree of 
branching of the polymeric linker. We have reported formation of hierarchical morphologies of 
1D chain-like, 2D plate-like and 3D globular structures with some degree of control over the NP 
density per assembly. This also shows evidence that the RAFT-synthesized tailored polymers 
serve as versatile linkers in their ability to tune the nano-assembly morphologies. For more 
quantitative information regarding the morphology of the different nano-assemblies, the TEM 
micrographs, AFM data, together with the values of roundness and the product function of 
roundness and peak-to-valley roughness (z-height) were studied. On analysis, it was found that 
the linear bi-functional linker P1 formed 1D chain-like assembly with lowest values for both 
roundness and the roundness-roughness product. Whereas, linker P9 with 18 available anchoring 
end groups per HBP macromolecule predominantly formed 3D globular morphologies with the 
highest roundness and roundness-roughness product values. P4 and P5 yielded intermediate 
values with 2D plate-like morphology. We also studied the SERS activity of the different 
morphological nano-assemblies due to the polymeric linker. Our hypothesis that the hot-spot 
density and thus the SERS enhancements will increase as a function of morphology i.e., increase 
from 1D chains to 2D-like plates and finally be highest with 3D globular structures was verified. 
The morphology dependent SERS enhancements were observed, as the signal intensity 
significantly increased with an increase in the roundness-roughness product values of the nano-
assemblies. Thus, we were successful in demonstrating that the tailored polymeric linkers have 
the potential to form hierarchal nano-assembly morphologies with the capability of manipulating 
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the hot-spot density and tuning the SERS properties. We also show that these nano-assemblies 
can be barcoded with typical SERS tag molecules, exhibiting usefulness as tracking or imaging 
agents. Hence, these plasmonic gold nano-assemblies with engineered morphologies and SERS 




Supporting Information. Materials, synthesis of gold NPs, synthesis and characterization of 
RAFT-polymerized polymeric linkers, characterization techniques used for the different 
instrumental analysis, 1H NMR spectrum of the RAFT agent, 1H NMR spectrum of polymer used 
for calculation of branch ܯഥn, color of hybrid colloids showing Regimes I, II and III at different 
polymer concentration and AFM data of the different hybrid assemblies are included. This 
material is available free of charge via the Internet at http://pubs.acs.org. 
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